Analysis of liver cells during development is facilitated by the possibility of complementing in vivo analysis with experiments on cultured cells. In this review, we discuss results from several laboratories concerning bipotential hepatic stem cells from mouse (HBC-3, H-CFU-C, MMH and BMEL), rat (rhe14321) and primate (IPFLS) embryos. Several groups have used fluorescence-activated cell sorting to identify clonogenic bipotential cells; others have derived bipotential cell lines by plating liver cell suspensions and cloning. The bipotential cells, which probably originate from hepatoblasts, can differentiate as hepatocytes or bile duct cells, and undergo morphogenesis in culture. Disparities in differentiation can be explained by distinct medium compositions, extracellular matrix coated culture surfaces, and gene expression detection methods. Potential applications of these cell lines are discussed. q
Introduction
In many fields of biology, comparative studies of in vivo and in vitro models provide complementary information, and developmental biology is no exception. In addition, stem cell biology, often viewed as an extension of developmental biology, requires a method to expand a homogenous population prior to evaluation of its differentiation potential. For study of the liver and its component cells, primary cultures are often inadequate because they are heterogeneous, short lived, and the differentiation potential of their progeny is difficult to assess. Consequently, much work has been devoted to the development of cell culture models from normal liver, including the embryonic liver.
It is desirable that such cultures resemble as closely as possible the normal cells from which they are derived, while permitting clonal growth and propagation for over 50 generations. With such cell lines, it should be possible to investigate markers that permit the identification of (1) the cell of origin and (2) the signaling pathways that are implicated in the maintenance of the stem cell phenotype as well as in the decision to differentiate in one or another direction. Moreover, they should permit (3) the definition of optimal culture conditions (factors, substrate, etc.) for proliferation in an undifferentiated state as well as for differentiation and/ or morphogenesis. Furthermore, (4) proliferating hepatic stem cells and their differentiated progeny can be compared using microarray analysis or suppression subtractive hybridization, to obtain a global profile of gene expression Plescia et al., 2001) . Finally, if the stem cell lines are indeed a faithful reflection of the normal cells from which they are derived, they should (5) be able to repopulate a liver using one of the currently available animal models (Shafritz and Dabeva, 2002) . Lastly, an analysis at the cell level is often necessary to exploit fully the various mice that are deficient in genes important for cell type specification, response to signals, transcriptional regulation or cell differentiation. In these cases, hepatic cell lines would be invaluable.
The already identified 'stem cells' of the liver include hepatoblasts and oval cells, known to have the potential to differentiate as both hepatocytes and bile duct cells. The liver diverticulum forms from a thickening in the ventral foregut endoderm after induction mediated by the cardiac mesoderm at around E8 in the mouse (Zaret, 1998) . Hepatoblasts are endodermal precursors in the liver bud and they express many genes in common with hepatocytes and bile duct cells (Table 1) . At around E10 in the mouse, hepato-blasts begin to differentiate into hepatocytes, intrahepatic biliary ducts and to a lesser extent, extrahepatic bile ducts (Fausto et al., 1993) . It is not known whether hepatoblasts disappear or remain present in the adult liver.
In the adult, oval cells are located in the canals of Hering where hepatocyte plates merge with bile ducts. These oval cells proliferate during liver regeneration when hepatocyte proliferation is inhibited and after carcinogen induced injury (Thorgeirsson, 1996; Alison, 1998; Fausto, 2000) . Following DAPM treatment, which damages bile ducts, oval cells fail to proliferate upon the appropriate stimuli, implying that oval cells originate from the same compartment as the bile duct epithelial cells (Petersen et al., 1997) . The relationship of hepatoblasts to oval cells has never been conclusively established. Taking advantage of the fact that some hepatocarcinogenic regimens induce the proliferation of oval cells, and that the small organelle poor cells with oval shaped nuclei can be purified by centrifugal elutrition, numerous lines of presumed oval cells have been described (Coleman and Grisham, 1998 and references therein) . However, at present, the cell of origin of many epithelial liver cell lines remains elusive: since it is unknown to what extent the differentiation of any cell in the liver can be reversed, simple epithelial lines from adult rat liver could be derived from small hepatocytes as well as from oval cells (Coleman and Grisham, 1998) . Indeed, this problem underlies in part the attempts to use fluorescence-activated cell sorting (FACS) to identify with surface markers the bipotential clonogenic or highly proliferative cells of embryonic and adult liver.
We have chosen in this review to present a critical analysis and comparison of some recent results concerning the isolation and characterization of embryonic liver clonogenic stem cells and cell lines from mouse, rat, and primate sources. Suzuki et al. (2000) have used monoclonal antibodies and FACS to undertake a prospective analysis of hepatic stem/ Nagy et al. (1994) , Barbacci et al. (1999) , Coffinier et al. (1999 Coffinier et al. ( , 2002 ). From such sorted populations, which represented 3.3% of the isolate, in the presence of HGF, 10% fetal calf serum and numerous hormonal and nutritional supplements, on laminin or collagen coated plates, approximately 0.2% of the cells were able to form H-CFU-C or 'hepatic colony-forming units in culture'. These H-CFU-C are defined as colonies containing after 5 days of culture more than 100 cells (nearly seven cell generations) (frequency ¼ 1.5 £ 10
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). The morphology of these colonies is of two types, composed of wandering fibroblastlike cells that fail to condense into epithelial clusters in the center (Fig. 1C) , or mixed morphology cell colonies, the edges of the colonies being populated by wandering cells while the centers are confluent and appear as slightly irregular cobblestone epithelial layers ( Fig. 1D and see below) (Suzuki et al., , 2002 . Cells within these colonies were able to differentiate along the hepatocyte or biliary duct lineages, as assessed by the immunocytochemical detection of what the authors consider to be diagnostic markers for these two cell types, albumin and cytokeratin 19 (CK19), respectively. Cells positive for one or the other marker were detected after 5 days in culture, and their frequencies increased with time. RNA from individual colonies was isolated after 5 or 21 days in culture, and examined by reverse transcriptase polymerase chain reaction (RT-PCR) for expression of a large panel of markers of hepatocytes and cholangiocytes. In all cases, the fraction of colonies giving positive signals increased with time. The authors concluded that they had identified a strong candidate for the bipotential hepatoblast, which expresses neither albumin nor CK19, but gives rise to progeny that spontaneously express one or the other marker .
In a follow-up paper, Suzuki et al. (2002) improved the FACS of H-CFU-C by including c-met antibody among the positive markers and sorting for positive but weak expression of a6 integrin. In addition, they improved the culture conditions by using 50% conditioned medium for cloning experiments, and carried out in vivo transplantation experiments using GFP as a tracer. In this work, the sorted cells represented only 0.3% of the starting population, of which approximately 40% gave rise to colonies. Among these colonies, 2% were qualified as H-CFU-Cs (frequency ¼ 4.2 £ 10 26 ). Are H-CFU-Cs capable of indefinite growth? At least some of them must be: several large H-CFU-Cs were replated, half of which gradually expanded. They were then resorted for the same markers, and upon replating 15% formed large colonies (Suzuki et al., 2002) (frequency ¼ 1.3 £ 10
23
). For the colonies obtained after resorting, RT-PCR analysis revealed the expression of a wide assortment of hepatocyte and cholangiocyte marker genes, and after several months of continuous culture, a range of pancreatic and intestinal markers was also expressed. Unfortunately, the figure shown does not contain positive controls, nor are the numbers of polymerase chain reaction (PCR) cycles given, so it is not possible to deduce whether a few cells are expressing the markers at pancreatic or intestinal levels, or only trace amounts.
Finally, to determine whether these cells were capable of contributing to organs in situ, GFP-expressing cells were transplanted into spleens of recipient mice that had been treated to obtain damage of hepatocytes and bile ducts and to induce proliferation of oval cells (Suzuki et al., 2002) . The injected cells were later found in the liver as isolated hepatocytes and in the spleen as bile ducts. In addition, after injection of cells directly into the respective organs, GFP-expressing cells were found in the pancreas and duodenum.
3. From embryonic liver cell lines to FACS sorting of embryonic liver cells: a reverse approach. Kubota and Reid (2000) have also used FACS sorting to identify clonogenic liver precursor cells from rat embryos at E13, by choosing surface markers deduced to be diagnostic from previous analysis of hepatic cell lines. Thus, the authors begin by describing the properties of three liver cell lines they had isolated from E15 rat embryos. One, designated rhel4321, showed the properties they sought: intense expression of albumin and AFP in all daughter colonies. Interestingly, the colonies were uniformly of a morphology referred to as 'aggregate clusters', lacking the smooth margins characteristic of epithelial cells. This rhel4321 line proved to be devoid of classsical MHC class I expression. It showed low expression of OX18 (non-polymorphic MHC class I), was heterogenous for ICAM-1, but all cells were positive for integrin b1. Kubota and Reid (2000) hoped to be able to use this information to detect a new class of cells in embryonoic liver. Suspensions of E13 rat liver cells were sorted for MHC class I (RT1A 1 , OX18) and ICAM-1 expression. A single population out of five (whose characterisitics were RT1A 12 , OX18 low, ICAM-1 1 ) contained the majority of the cells that were able to form 'hepatic colonies' on feeder layers in the presence of serum-free medium supplemented with a variety of growth factors and nutrients. They defined as 'hepatic colonies' those that produced albumin and AFP. To determine whether the clonogenic cells were bipotential, Kubota and Reid (2000) used criteria different from those of Suzuki et al. (2000 Suzuki et al. ( , 2002 . They reasoned that the starting population was albumin positive, and that derivative cholangiocytes would not only become CK19 1 but would lose albumin expression as well. Indeed, when cultured in the absence of EGF, the majority of colonies contained both albumin and CK19 positive cells, usually in different territories within a given colony. The authors then examined the surface markers and growth potential of cell suspensions from adult rat liver. They did not detect a population of MHC class I negative cells but they did find cells capable of proliferating as colonies ( RT1A 11 , OX18
Unlike the embryonic cells which grew better in the absence of EGF, the adult cells were dependent upon EGF for cellular proliferation.
A cell line from liver diverticulum
The first attempt to obtain a cell line from hepatoblasts was described by Rogler (1997) . In order to obtain a cell line from E9.5 day mouse liver buds, Rogler used conditions that had been previously described for deriving embryonic stem cells: cultivation of dissociated cells on feeder layers in medium containing serum. From one to ten microdissected liver diverticula were inoculated per culture, and epithelial colonies picked after 7-10 days. Cells were initially passaged every week, and later with higher dilution every 3-5 days. One cell line, designated HBC-3, was obtained. The cells were found to express albumin, and if maintained at confluence on feeders, GGT, AFP, and CK14 were detected. Rogler then used treatment with sodium butyrate or DMSO to obtain differentiation along the hepatocytic lineage as witnessed by the induction of glucose-6-phophatase activity, and culture in Matrigel to obtain ductular structures and the expression of cholangiocyte markers GGT and CK19. Amicone et al. (1997) isolated hepatic cell lines from embryonic and new-born livers of transgenic mice expressing a constitutively active form of human c-Met in the liver. These met murine hepatocyte (MMH) lines were shown to express liver enriched transcription factors (LETF), hepatocyte functions, and the cells did not form tumors in nude mice. Cloning of the MMH line from E14 liver revealed that it harbored two cell types: epithelial and palmate (Spagnoli et al., 1998) . Cells from epithelial clones contain the LETF and show expression in all cells of hepatic CK 8, 18, and 19. Moreover, they can be induced to express the hepatocyte functions albumin and transthyretin by culture on gelatin, or in the presence of DMSO, or aFGF. A second cell type, of spreading morphology designated palmate (Fig. 1A) , was found to express the same hepatic cytokeratins but neither LETF nor hepatic functions. To obtain palmate cells in pure culture, it was necessary to isolate them as clones, and phenotypic characterization was carried out only after the clones had been expanded for freezing, so their initial properties have not been recorded. It was observed that with time in culture the palmate clones began to express low levels of the LETF, and after 15 passages (about 45 generations) they transformed into epithelial lines, which expressed the LETFs strongly and could be induced to express hepatocyte functions. In addition, in Matrigel culture, while the epithelial cells formed spheroids, as expected for hepatocytes, the palmate cells gave rise to branching tubules ( Fig. 2A) that were shown by electron microcopy to resemble bile ducts. It was shown by serial cloning that palmate clones gave rise to both epithelial hepatocytic and bipotential palmate subclones.
MMH palmate cells
6. Bipotential mouse embryonic liver cell lines from wild-type mice Strick-Marchand and Weiss (2002) have applied the protocol for isolation of MMH lines to E14 liver cell suspensions from wild-type mice of numerous genotypes. Surprisingly, these cultures also gave rise to proliferating epithelial colonies, at a frequency similar to that of c-Met mice, around 30% of embryonic livers tested. However, a longer delay occurred for the emergence of colonies after inoculation: only 4 weeks for c-Met mice but 6-12 weeks for wildtype mice. We name this easily reproducible method of hepatic cell line isolation from non-transgenic mice 'Plate and Wait'.
Cell lines were of two morphologies: epithelial and mixed. The mixed morphology lines contain cells which show palmate-like morphology at low density (Fig. 1B) , but at high density the cultures appear homogeneously epithelial. Characterization of the lines revealed that hepatic CKs 8, 18, and 19 are present in all cells, whereas CK7 is expressed in only a fraction of cells. Moreover, epithelial morphology cell lines express both LETF and fetal hepatocyte functions whereas mixed morphology cell lines express only the LETF. To determine whether the cell lines of mixed morphology can be induced to differentiate, they were cultured in the presence of aFGF, of sodium butyrate, of dexamethasone with or without cAMP, without serum, on a Matrigel substrate, or as floating aggregates. The most efficient method for obtaining hepatocyte or bile duct differentiation was, respectively, aggregate or Matrigel culture as revealed by the induction of a wide panel of marker genes. Furthermore, when cultured in Matrigel, the cells formed bile duct units (Fig. 2B) . Morphogenesis of bile duct units had previously been described only when primary cultures of bile duct epithelial cells were grown in Matrigel (Mennone et al., 1995; Cho et al., 2001 ). Furthermore, the mixed morphology is a heritable trait: mixed morphology lines give rise to mixed morphology daughter clones, capable of expressing all of the markers listed in Table 1 , upon aggregation for the induction of hepatocyte functions, or in Matrigel for the bile duct cell markers. Because of these properties, we call these lines bipotential mouse embryonic liver (BMEL). BMEL cell lines do not differentiate spontaneously in culture, therefore they are a tool of choice for the study of signaling events that occur during gene activation and differentiation.
Two models of stem cell differentiation have been described. According to the first model, the differentiated progeny of a stem cell are committed to a single pathway. For the second, the differentiated progeny remain able to revert to a less mature state, retaining the potential to differentiate again along the same or even a different pathway. Cells of the latter class are designated transit stem cells, and have been described for crypt cells of the intestine (Potten and Loeffler, 1990) . When BMEL cells, differentiated by aggregate or Matrigel culture were returned to their original culture conditions, the cells dedifferentiated, as assessed by the down-regulation or extinction of the previously induced marker genes. The analysis was performed on cell populations without passaging and without cell loss, rendering counter-selection of differentiated cells an unlikely hypothesis (Strick-Marchand and Weiss, 
A bipotential primate fetal liver cell line
The isolation and characterization of liver stem cells from rodents are precious tools for study of the molecular biology of hepatocytes and cholangiocytes. However, for some investigations, including of hepatotropic viruses with limited host range, and for cellular gene therapy, hepatic stem cells from humans or primates would be invaluable tools. In an effort to isolate primate fetal hepatic stem cells, Allain et al. (2002) perfused the liver of a fetal monkey and plated the cell suspension in serum-free medium with supplements (Table 3 ). These primate fetal liver cells expressed AFP, albumin, CK7, and CK19.
To obtain immortalized fetal liver stem cells, the culture (1.8 £ 10 7 cells) was transduced with a retrovirus expressing SV40 large T antigen, and to trace the cells, with another retrovirus expressing LacZ. Cultures that were not transduced died within 2 weeks, whereas in the transduced cultures clones of cells arose within 4 weeks. After 6 months of culture, three out of the original 144 clones had survived, but after 1 year of culture only one clone remained proliferative (frequency 5.5 £ 10 28 ), which was named immortalized primate fetal liver stem cell (IPFLS). Clonal analysis showed that albumin and CK19 could be expressed in the progeny of a single cell, implying that they were bipotential. These IPFLS cells expressed high levels of telomerase activity and accumulated nuclear p53, suggesting that they were indeed immortalized. IPFLS cells injected subcutaneously into nude mice did not form tumors. To determine whether IPFLS cells could differentiate in vivo and participate in liver regeneration, the cells were injected into the portal vein of nude mice that were simultaneously subjected to partial hepatectomy (PHx). After 7 or 21 days, the IPFLS cells had engrafted into the host liver and they expressed AFP and albumin.
Are the bipotential liver cells/cell lines all derivatives of the same target cell?
To attempt to answer this question, we must begin by trying to pinpoint the similarities and differences among the cellular systems described above. Table 2 gives a summary of the critical properties. All of the lines are considered bipotential, able to give rise to progeny-expressing hepatocyte or bile duct markers and structures. With two exceptions, the HBC-3 and the IPFLS cells, these lines present a mixed mophology rather than a strictly epithelial morphology. It seems to us critical that most of the bipotential lines contain wandering cells that fail to display the strictly epithelial morphology that is associated with oval cells or hepatocytes (Coon, 1968; Grisham, 1980; Tsao et al., 1984) . Indeed, in the cases where the authors have illustrated morphology (in the absence of feeder layers where the margins of colonies can be readily observed), the striking similarities in colony and cell form are obvious: this is shown in Fig. 1 . It is only our familiarity with the photographs that permits us to distinguish H-CFU-C colonies of Suzuki et al. (2000 Suzuki et al. ( , 2002 from palmate cells (Spagnoli et al., 1998) and mixed morphology BMEL cell lines (Fig.  1C,D,A,B, respectively) . Karyotypes are mentioned only by Rogler (1997) , Spagnoli et al. (1998) , Strick-Marchand and Weiss (2002) : the bipotential cells are mostly diploid or near diploid, as would be expected for stem cells. While it can be presumed that the young H-CFU-C of Suzuki et al. (2000 Suzuki et al. ( , 2002 as well as the clonogenic hepatoblasts of Kubota and Reid (2000) are diploid, it would be helpful to know the karyotypes of the colonies capable of continuous growth.
Some of the lines give rise to differentiated progeny spontaneously, while for others it is necessary to induce differentiation. These differences may be due to the culture medium and conditions, detailed in Table 3 . Indeed, for those lines that give rise to differentiated progeny 'spontaneously', either conditioned medium or feeder layers are used in combination with a rich cocktail of growth factors including hormones such as dexamethasone, known to induce many hepatocyte specific genes, nicotinamide and EGF, known to promote epithelial morphology. In these cases, the basal growth medium can also be considered differentiation-inducing medium. The differences in hepatocyte differentiation conditions could also reflect the fashion in which the experiments were carried out rather than intrinsic differences in the cells: Suzuki et al. (2000 Suzuki et al. ( , 2002 and Kubota and Reid (2000) have relied on immunocytochemical analysis, making it possible to discern marker expression in one or a small number of cells within a colony. Rogler (1997) used both immunocytochemical and histochemical assays, while Spagnoli et al. (1998) One apparently critical feature that distinguishes these lines is the expression of the markers considered by some to be diagnostic of hepatocytes (albumin) or bile duct cells (CK19). The only cases where CK19 appears to be expressed in the undifferentiated 'stem cell' are MMH, BMEL, and IPFLS cells. Differences in the sensitivities of antisera/MABs could explain these discrepancies. Moreover, the absence of feeder layers/conditioned medium, the presence of IGFII or the absence of some hormones/ growth factors could be important. Alternatively, while the CK19 2 cell lines could be composed of less differentiated cells than the CK19 1 ones, we consider that palmate and BMEL mixed morphology cell lines constitute primitive hepatic cells since they do not/or weakly express the LETF and do not express hepatocyte functions, a phenotype designated uncoupled (Chaya et al., 1997) . Indeed, during liver development, LETF expression preceedes AFP and albumin expression (Zaret, 1998) . 0 -triiodo-L-thyronine/0.24% lioleic acid-ALB (2:1)/1 mg/ml apo-transferrin/100 mg/ml vitamin C; H-CFU-C: Suzuki et al., 2000 Suzuki et al., , 2002 rhel4321; Kubota and Reid, 2000; HBC-3: Rogler, 1997; MMH pal: Spagnoli et al., 1998; BMEL: Strick-Marchand and Weiss, 2002; IPFLS: Allain et al., 2002 . In conclusion, we consider that all of the cell lines described are probably derived from the same target cell, which is most likely the hepatoblast, even though the various lines do show some differences that could be intrinsic or attributed to culture conditions or maturation stage. It is only in the paper of Suzuki et al. (2002) that indications of differentiation potential beyond the hepatocyte and bile duct lineages is given, implying that the cells studied could be more primitive than those analyzed by others. It will be important to confirm and extend these results.
Perspectives for future research
The information presented here reveals that results from two different approaches to liver cell biology, the study of normal cells in primary culture and the derivation of cell lines, have converged to solidify identification of the embryonic liver stem cell. The work of Suzuki et al. (2000 Suzuki et al. ( , 2002 and Kubota and Reid (2000) relied on FACS as a means of identifying, by its signature of surface molecules, those cells within the liver that possess significant growth and differentiation potential. This approach is powerful as it permits physical separation of a minority cell population. In addition, each step can be quantified as shown in the work of Suzuki et al. (2000 Suzuki et al. ( , 2002 . Since the two groups have relied upon different markers to select clonogenic cells from embryonic liver cell suspensions, it is important that reciprocal tests of markers and antibodies be carried out to see whether one or two distinct cell populations have been isolated. Furthermore, additional markers could permit a more refined sorting of the pleuripotent clonogenic cells.
Liver repopulation
Although self-renewal and bipotentiality are hallmarks of stem cells, definitive proof comes from participation of the stem cells in liver regeneration. Fetal liver epithelial progenitor cells (FLEC), which express AFP, albumin, GGT and CK19, were isolated from E14-E15 rat livers and transplanted into dipeptidyl peptidase IV (DPPIV) mutant rats in conjunction with two-thirds PHx (partial hepatecomy) . One week after transplantation, DPPIV positive hepatocytes had seeded the parenchyma, and 1 month later the FLEC had differentiated in the adult liver, forming hepatocyte clusters and bile ducts. In control experiments, FLEC were injected 1 week after the PHx or in the absence of PHx: no FLEC were detected in the host liver, implying that a proliferative cue is needed to activate proliferation and differentiation of the immature FLEC.
In a follow-up article, Sandhu et al. (2001) compared the repopulation potential of adult and fetal liver cells and showed that whereas fetal cells were able to differentiate as hepatocyte clusters and bile ducts, adult cells differentiated as hepatocytes but did not form bile duct structures (Sandhu et al., 2001) . The hepatocyte clusters formed by fetal cells grew and were more numerous. Furthermore, in long-term repopulation experiments (4-6 months), the fetal cells were more efficient than the adult cells in repopulating the liver. This series of experiments clearly demonstrates the advantages of using fetal over adult liver stem cells for liver regeneration.
These experiments were carried out using freshly dissociated fetal or adult liver cells, and have yet to be undertaken with cultured cells (except for the H-CFU-C) or cell lines. Indeed, liver repopulation can be considered the definitive test for full functional differentiation of liver cells, and will be an important area of investigation with the cells described here.
Induction of differentiation
Cell lines of liver stem cells should be valuable for several types of investigation. One challenge is to improve the conditions for inducing differentiation into the hepatocyte or bile duct lineage in order to obtain a specific and limited response. The technique of cell aggregation used by Strick-Marchand and Weiss (2002) to obtain hepatocyte differentiation appears to be relatively specific as bile duct/oval cell markers are down-regulated under these conditions. Culture in Matrigel, used by several groups to encourage bile duct cell differentiation (Rogler, 1997; Spagnoli et al., 1998) is not specific as hepatocyte functions are also induced (Strick-Marchand and Weiss, 2002) . The investigators who use richly supplemented medium and obtain spontanous differentiation (Suzuki et al., , 2002 Kubota and Reid, 2000) could reduce the supplements in order to define a basal medium that maintains the cells in a proliferating but undifferentiated state. In a second step, appropriate supplements to obtain unidirectional differentiation could be defined. In vitro morphogenesis using Matrigel or collagen gels (Auth et al., 2001; Groen de et al., 1998; Nishikawa et al., 1996) is only beginning to be exploited for the analysis of differentiation potential of bipotential hepatic cells. Three-dimensional culture conditions along with appropriate hormones or growth factors could contribute to define more specific differentiation conditions. A potential application of unidirectional differentiation of bipotential liver cells will be the definition of the transcriptome of different liver cell states. Indeed, Plescia et al. (2001) have already carried out such an analysis with HBC-3 cells that were induced to differentiate by treatment with DMSO. They found that as the cells differentiated, the pattern of transcripts increasingly resembled that of the liver. In addition, they detected down-regulation of some genes expressed in muscle and other tissues and of those involved in cell cycle progression.
Defining roles of specific genes
While this could not have been predicted, it is reassuring that permanent lines present the same ensemble of proper-ties as the normal cells, summarized in Table 2 . In all cases where appropriate tests have been carried out, the permanent lines appear to be normal and untransformed (Spagnoli et al., 1998; Allain et al., 2002; Strick-Marchand and Weiss, 2002) , and the long-term cultures of Suzuki et al. (2002) used for transplantation in recipient mice failed to give rise to tumors. Indeed, since these different lines do appear to be stem cells, which by definition are professionally proliferating cells, we can even question whether they need to undergo an immortalization step.
The Plate and Wait method that we have developed can be used to isolate hepatic cell lines from mice having undergone targeted mutagenesis of a gene important for hepatocyte or cholangiocyte differentiation. The resulting cell lines can be characterized for their ability to be induced to undergo the two types of differentiation in order to define the exact role of the gene and its targets. Indeed, mice rendered deficient in LETF are promising candidates for this approach (Hayhurst et al., 2001; Clotman et al., 2002; Coffinier et al., 2002) .
Conclusions
The improvements in culture conditions and techniques for isolating bipotential embryonic liver cells will invite a comparison with results obtained from adult liver (Wu et al., 1994; Coleman and Grisham, 1998; Kubota and Reid, 2000; Tateno et al., 2000; Yin et al., 2002) . Hopefully, there will emerge recognition of a small number of highly propagable cell types, whose origin and filiation should become clear. In addition, a major challenge will reside in the extrapolation of techniques from rodent to primate liver, from which the isolation of propagable stem cells may prove to be more problematic (Allain et al., 2002) . Furthermore, the need for human liver cells that can be maintained in culture is critical for advances in both fundemental research and clinical applications.
